Knowledge on ice thickness distribution and total ice volume is a prerequisite for computing future glacier change for both glaciological and hydrological applications. Various ice thickness estimation methods have been developed but regional differences in fundamental model parameters are substantial. Parameters calibrated with measured data at specific points in time and space can vary when glacier geometry and dynamics change. This study contributes to a better understanding of accuracies and limitations of modeled ice thicknesses by taking advantage of a comprehensive data set of in-situ ice thickness measurements from 58 glaciers in the Austrian Alps and observed glacier geometries of three Austrian glacier inventories (GI) between 1969 and 2006. The field data are used to calibrate an established ice thickness model to calculate an improved ice thickness data set for the Austrian Alps. A cross-validation between modeled and measured point ice thickness indicates a model uncertainty of 25-31% of the measured point ice thickness. The comparison of the modeled and measured average glacier ice thickness revealed an underestimation of 5% with a mean standard deviation of 15% for the glaciers with calibration data. The apparent mass balance gradient, the primary model parameter accounting for the effects of surface mass balance distribution as well as ice flux, substantially decreases over time and has to be adjusted for each temporal increment to correctly reproduce observed ice thickness. This reflects the general stagnation of glaciers in Austria. Using the calibrated parameter set, 93% of the observed ice thickness change on a glacier-specific scale could be captured for the periods between the GI. We applied optimized apparent mass balance gradients to all glaciers of the latest Austrian glacier inventory and found a volume of 15.9 km 3 for the year 2006. The ten largest glaciers account for 25% of area and 35% of total ice volume. An estimate based on mass balance measurements from nine glaciers indicates an additional volume loss of 3.5 ± 0.4 km 3 (i.e., 22 ± 2.5%) until 2016. Relative changes in area and volume were largest at glaciers smaller than 1 km 2 , and relative volume changes appear to be higher than relative area changes for all considered time periods.
INTRODUCTION
Climate observations as well as climate scenarios reveal a rise of temperatures around the globe (IPCC, 2014) , with almost twice the global rate in the Alps, and, for example, in Austria (Auer et al., 2007; APCC, 2014) . At the same time, historically unprecedented glacier retreat can be observed (WGMS, 2015; Zemp et al., 2015) . This raises the awareness of severe implications for coastal regions but also for water resource management in mountain regions, for river ecosystems and for potential natural hazards originating from glacial and periglacial environments (e.g., Kaser et al., 2010; Haeberli et al., 2014; Marzeion et al., 2014; .
Knowledge of the spatial ice thickness distribution in glacierized mountain regions and the elevation of the bedrock underneath the glaciers represents an essential basis for numerous applications in climate impact research. For example, assessments of anticipated sea-level rise caused by glacier mass loss importantly depend on initial ice volume estimates (e.g., Marzeion et al., 2012; Huss and Hock, 2015) . Most regional and global glacier models estimate initial ice volume applying simple volume-area scaling relations (e.g., Bahr et al., 1997; Radić and Hock, 2010; Bahr et al., 2015) on the basis of global glacier inventories (GI) (e.g., Pfeffer et al., 2014) . However, volume-area scaling only provides average ice thickness for each glacier and cannot take into account a number of parameters with major impact on glacier volume, such as surface slope or the climatic regime affecting mass balance. Recently, a number of approaches with different levels of complexity have been developed to infer ice thickness distribution by relying on physically based models (e.g., Clarke et al., 2009; Farinotti et al., 2009b; Morlighem et al., 2011; Huss and Farinotti, 2012; Li et al., 2012; Linsbauer et al., 2012; van Pelt et al., 2013; Frey et al., 2014; Maussion et al., 2018) . The Ice Thickness Models Intercomparison Experiment (ITMIX; Farinotti et al., 2017) has assessed the skill of seventeen different approaches to reproduce observed thickness for various glacier types around the globe. A considerable variability among the individual approaches has been found when not calibrating against withheld ice thickness measurements. Huss and Farinotti (2012) presented the first estimate of ice thickness distribution for all roughly 200'000 individual glaciers on Earth allowing the application of a global glacier-specific model for future sea-level rise and the response of glacier runoff Hock, 2015, 2018) .
Furthermore, knowledge on spatial ice thickness distribution is also important for assessing bedrock overdeepenings that could potentially be filled with water after glacier retreat, thus forming proglacial lakes, which might become relevant in terms of natural hazards but could also form important sediment traps . Proglacial lakes are reported to grow in number and size in several mountain ranges of the globe following a rise in temperature. This indicates their increasing significance within mountain landscapes (Mergili et al., 2013; Wang et al., 2013; Emmer et al., 2016; Buckel et al., 2018) . Several studies have also modeled the number and volume of potential new lakes forming after glacier melt in the future and have pointed out the significance of these new landforms for some mountain regions (e.g., Linsbauer et al., 2012; Haeberli and Linsbauer, 2013; Linsbauer et al., 2016; Colonia et al., 2017) .
However, insufficient observations, process understanding, and modeling capacities still hamper accurate prediction of future changes in the cryosphere . Additional effort is needed to develop and calibrate ice thickness models for deriving accurate estimates of ice volume on a regional scale, as well as for inferring detailed bedrock topographies for impact studies.
Alpine glaciers, with a high density of observations over many decades, provide an excellent basis for improving process understanding and models. For Austria, three GI quantify area and volume loss at more than 800 glaciers (GI 1: Patzelt, 1978 Patzelt, , 1980 GI 2: Lambrecht and Kuhn, 2007; GI 3: Fischer et al., 2015b ; all GIs in shapefile format : Fischer et al., 2015a ). What's more, glacier mass loss has accelerated (Abermann et al., 2010) and, at the same time, glacier ice flow has decelerated (e.g., Span et al., 1997; Stocker-Waldhuber et al. unpublished) . A few estimates of the total glacier volume in Austria exist from regional studies. Patzelt (1978) estimated a volume of 21 km 3 for all glaciers of the first Austrian Glacier Inventory (GI 1) in 1969, which is equal to a mean ice thickness of 40 m. Lambrecht and Kuhn (2007) used observed ice volume changes for calibrating a volume-area scaling relationship specific to Austrian glaciers and found a volume of 22.8 km 3 for GI 1 and of 17.7 km 3 for GI 2. Fischer and Kuhn (2013) constructed ice volumes for a set of 64 glaciers in Austria, which represent 50% of the total glacier area of GI 2 by extrapolating ground penetrating radar (GPR) point measurements manually. For the investigated glaciers, they found a volume of 11.9 ± 1.1 km 3 , equal to a mean ice thickness of 50 ± 3 m. Whereas Lambrecht and Kuhn (2007) used a bulk estimation method and did not consider variations in the volume-area scaling relation between individual glaciers, the assessment by Fischer and Kuhn (2013) is based on glacier-specific ice thickness measurements. So far, however, there is no comprehensive estimate of Austria's glacier volume based on an approach including all existing ice thickness measurements and a consistent and physically based extrapolation to all unmeasured glaciers. A more sophisticated estimation of the present ice volume will be the basis for regional as well as global studies on glacier retreat and related hydrological impacts.
Many models for computing spatially distributed ice thickness that account for mass conservation include parameters controlling ice flow flux (see Farinotti et al., 2017 , for a review). Whereas parameters like the flow rate factor can be assumed to remain constant for temperate glaciers (e.g., Gudmundsson, 1999) , parameters prescribing surface mass balance distribution, and, hence, cumulative mass fluxes along the glacier, are likely to be sensitive to changes in climate, as well as the dynamic state of the glacier. They thus require particular attention when calibrating the model to ice thickness observations, which can best achieved by comparing model results against a dense network of thickness measurements on various glaciers. In this study, the ice thickness model developed by Huss and Farinotti (2012) -henceforth termed the HF model -is applied to all glaciers in the Austrian Alps based on glacier geometry derived from three Austrian GIs (Fischer et al., 2015b) . The HF model is calibrated and validated against thickness measurements acquired by GPR (Fischer et al., 2015c) on 58 glaciers, which allow analyzing, interpreting and constraining model parameters in detail. We investigate the question whether changes in glacier dynamics, from almost balanced conditions at the time of the first glacier inventory to highly unbalanced conditions with rapid mass loss in GI 3, must be taken into account to find optimal model parameters. This study aims at presenting a best estimate of mean ice thickness for all glaciers in Austria by
(1) finding optimal model parameters controlling mass turnover for the glacier geometries from three Austrian GIs, (2) evaluating calibrated parameters by comparing observed and modeled decadal glacier changes, and (3) applying calibrated parameters on a regional scale to derive an up-to-date glacier ice volume estimate for Austria.
The calculated glacier volumes and their multi-annual changes are analyzed in detail for distinct glacier area classes and different glaciated regions in Austria and the implications are discussed. This study provides a state-or-the-art estimate of ice volume for all Austrian glaciers based on ice thickness modeling calibrated with all existing ice thickness measurements.
DATA Glacier Outlines and Digital Elevation Models
This study investigates all glaciers for which digitized glacier outlines are available from all three Austrian GIs (Lambrecht and Kuhn, 2007; Fischer et al., 2015b) and corresponding glacier surface elevation data exist. Thus, some minor differences occur in comparison to total numbers and total area presented in the original publications of the individual GIs that considered glacier area only.
The first Austrian glacier inventory was compiled from aerial photographs for the reference year 1969 (Patzelt, 1978 (Patzelt, , 1980 Gross, 1987) . Glacier maps containing elevation contours, spot heights, glacier boundaries and snowlines have been produced using photogrammetric methods. Survey flights for the second glacier inventory were carried out mainly between 1996 and 1998, covering 73% of all glaciers by number and 81% by area (Lambrecht and Kuhn, 2007) . In order to capture cloud-free and snow-free aerial photographs of all Austrian glaciers, additional image flights were carried out until 2002 to complete the surveys for all mountain regions.
The first glacier inventory (GI 1) was updated and digitized by Lambrecht and Kuhn (2007) , dividing individual glaciers at the drainage boundaries, including areas above the bergschrund and including perennial snow patches attached to the glaciers. Several very small glaciers, approximately 3% of the glacier area of 1969, were not mapped (Fischer et al., 2015b) and were still missing in the similarly digitized second Austrian glacier inventory (GI 2). Lambrecht and Kuhn (2007) estimated a maximum error of 1.5% for the glacier area in GI 2.
A new approach for semi-automatic digital elevation model (DEM) generation from aerial photographs was developed and applied to surveys of both GI 1 and GI 2 by Würländer and Eder (1998) . DEMs were established on a 20 m raster, with a quality control using independent control points. The raw DEMs were edited to fill gaps with elevation information provided by the Federal Office of Metrology and Surveying (BEV). Final products were posted on a 10 m raster and with an ortho-image resolution of 0.5 m. Würländer and Eder (1998) designated a vertical accuracy of ±0.71 m using the semi-automatic method. Lambrecht and Kuhn (2007) confirmed that this method allowed generating high-quality DEMs within the required mean vertical accuracy of ±1.9 m. However, the technique may return errors of several meters, particularly in firn areas with low surface texture and high brightness (Lambrecht and Kuhn, 2007; Abermann et al., 2010) .
High-accuracy airborne laser scanning (LiDAR) data and orthophotos have been available for determining glacier outlines and surface elevation for glaciers in the third Austrian glacier inventory (GI 3, Fischer et al., 2015a,b) . Surveys were conducted between 2004 and 2011, with the major glacier-covered mountain regions scanned between 2006 and 2009. Please refer to Fischer et al. (2015b) for additional information, such as the precise dates of the glaciers surveys within the individual mountain ranges. Glacier outlines have been digitized as presented by Abermann et al. (2009 Abermann et al. ( , 2010 . They quantify the accuracy of the derived glacier areas as 5% for glaciers smaller than 1 km 2 and 1.5% for larger ones. Fischer et al. (2015b) present an analysis of changes in glacier area from the Little Ice Age (LIA) until GI 3. Considering the dependence of the accuracy of the LiDAR point data on slope, elevation and surface roughness, the vertical accuracy of the surface elevation on a 1 × 1 m grid ranges from a few centimeters to some decimetres in very steep terrain (Sailer et al., 2014; Fischer et al., 2015b) . On flat areas a nominal mean accuracy of the DEM better than 0.5 m (horizontal) and 0.3 m (vertical) could be achieved.
Ice Thickness Data
The ice thickness data used in this study were acquired with GPR surveys between 1995 and 2010 (Span et al., 2005; Fischer et al., 2007 Fischer et al., , 2015c Fischer and Kuhn, 2013; WGMS, 2016) . The ice thickness measurements were carried out with the transmitter of Narod and Clarke (1994) combined with resistively loaded dipole antennas at central wavelengths of 6.5 MHz (30 m antenna length) and 4.0 MHz (50 m antenna length). Details on the method can be found in Fischer and Kuhn (2013) , as well as in Span et al. (2005) and Fischer et al. (2007) . A subset of 58 glaciers with a total of 3547 point ice thickness measurements was chosen from the original data, which were included in all three GIs. The glacier areas range from 0.06 km 2 (Grinner Ferner, GI 3) to 19.9 km 2 (Pasterzen Kees, GI 1) and the 58 glaciers represent approximately 41% (231.0 km 2 ) of the total glacier area in Austria at GI 1, 45% (210.3 km 2 ) at GI 2 and 46% (192.9 km 2 ) at GI 3, respectively.
The glaciers with ice thickness measurements are welldistributed over the mountain ranges in Austria (Figure 1) . Fischer and Kuhn (2013) assumed a 5% overall uncertainty of point ice thickness measurements, with respect to uncertainty of the signal velocity in the glacier, firn and snow layers, to the accuracy of the oscilloscope reading, to the uncertainty of the antenna separation, to the unknown point of bedrock reflection and with respect to the occurrence of multiple reflections. The accuracy of the position of the single measurements can be estimated to be within a 10 m radius, which is comparable to the model resolution used.
Mass Balance Data
Continuous annual mass balance data exist from nine glaciers in Austria for the period between 2006 and 2016. Data are made available by the World Glacier Monitoring Service (WGMS, 2017 and former issues, http://wgms.ch/products_gmbb/, for Hintereisferner, Kesselwandferner, Pasterze, Sonnblickkees, Vernagtferner, Wurtenkees) and on PANGAEA data repository for Jamtalferner (Fischer et al., 2016a) , Hallstätter Gletscher (Fischer et al., 2016b) and Mullwitzkees (Stocker-Waldhuber et al., 2016) . More details on mass balance of the glaciers in Rofental valley (Hintereisferner, Kesselwandferner and Vernagtferner) are presented by Strasser et al. (2018) and for Mullwitzkees and Hallstätter Gletscher by Stocker-Waldhuber et al. (2013) .
MATERIALS AND METHODS

Ice Thickness Model
We used the approach of Huss and Farinotti (2012) for ice thickness modeling. The HF model was developed from the ice thickness estimation method presented by Farinotti et al. (2009b) . The HF model scored highest among the automated methods applicable at large scales compared within the Ice Thickness Models Intercomparison Experiment (ITMIX, Farinotti et al., 2017) and has already been applied to all glaciers globally (Huss and Farinotti, 2012 ) and for regional glacier volume studies (e.g., Frey et al., 2014; Andreassen et al., 2015) .
The basic principle of the HF model is the estimation of ice volume flux along the glacier, from which local ice thickness is computed based on measured surface slope and the flow law for ice. The approach accounts for basal sliding conditions, variations in the valley shape, and the influence of ice temperature on ice flow using several adjustable parameters. The surface mass balance and the volumetric balance flux are calculated along a simplified two-dimensional longitudinal profile of the glacier for estimating the mean ice thickness of individual elevation bands. In a final step, elevation band thicknesses are extrapolated to all cells of a regular grid depending on local surface slope and the distance from the glacier margin. We refer the reader to Huss and Farinotti (2012) for more details on the model architecture.
The H-model requires digitized glacier outlines and a DEM as input. We ran the model for 10 m elevation bands from glacier outlines and glacier surface elevations on the basis of DEMs with 10 m resolution from the three Austrian Glacier Inventories, GI 1 (1969), GI 2 (∼1998), and GI 3 (∼2006). Parameters on valley shape factor, continentality and climate were kept as proposed in Huss and Farinotti (2012) .
Model Calibration
Homogenization of Ice Thickness Measurements to Glacier Inventory Dates
Temporal offsets between the ice thickness measurements and the surveys for the individual GIs exist. We have homogenized the ice thickness measurements of each glacier to the date of the GI 2 glacier surface with respect to the year of ice thickness Frontiers in Earth Science | www.frontiersin.orgmeasurements, which ranges from 1995 to 2010, and the date of GI 2 topographic survey, which ranges from 1996 to 2002. First, we calculated mean annual ice thickness changes between GI 2 and GI 3 from the change in observed surface elevation (z). The product of mean annual surface elevation changes and the number of years (y) between GI 2 and the date of ice thickness measurements was added to measured ice thickness (h M ) for calculation of GI 2 ice thickness (h GI2 ).
The ice thickness (h) at the same location, but for the dates of GI 1 and GI 3, was calculated using the observed surface elevation changes between the respective glacier inventory and GI 2.
The uncertainty of the ice thickness (σ IT ) was computed based on error propagation accounting for thickness measurement uncertainty (7.5%), for the homogenization of ice thickness to GI 2 (1%), and for the DEM differencing to compute ice thickness changes between the inventory dates GI 2 and GI 1 (4%), as well as GI 2 and GI 3 (3%). The overall uncertainty of point thickness (11% for GI 1, 8% for GI 2, 13% for GI 3) is highest for GI 3 because of lower mean ice thickness.
Glacier-Specific Calibration of Apparent Mass Balance Gradient
The HF model requires an estimate of the apparent mass balance gradient to calculate ice volume flux along the glacier (Huss and Farinotti, 2012) . The apparent mass balance (b) is defined as
whereḃ is the surface mass balance, ρ is the density of ice (i) and water (w), respectively, and ∂h/∂t the surface elevation change. In case of a balanced glacier mass budget and a glacier in steadystate,b is equal to the surface mass balance and most negative at the glacier tongue and zero at the equilibrium line altitude (ELA). Surface ice melt is not totally compensated by ice flow in times of glacier retreat and increasingly imbalanced glacier states. Thus, surface elevation change converges toward surface mass balance and absolute values ofb will decrease, causing declining apparent mass balance gradients. The apparent mass balance gradient, varying for ablation and accumulation areas by a factor, which reduces the gradient for accumulation areas, is the primary parameter of the HF model in need of calibration as it varies between different regions and glacier types and is difficult to estimate without a priori information (Huss and Farinotti, 2012) . We altered the apparent mass balance gradient for each of the 58 glaciers and each of the three GIs individually in an effort to minimize the mean absolute error (MAE) between modeled ice thickness (h mod ) and the observed ice thickness data of the respective GI (h obs ) for each individual glacier evaluated over all available point measurements (n):
With our model setup we aim at reproducing average glacier thicknesses for calculating total ice volume. Thus, we also evaluate the mean error (ME) between all modeled and measured ice thickness of the individual glaciers with calibration data.
We applied cross-validation for estimating the model performance in reproducing single ice thickness measurements at the individual glaciers. Therefore, the available ice thickness data of each glacier have been randomly split into a calibration set and a validation set. The calibration set contained two thirds of the ice thickness data, and the validation set one third, respectively. For each glacier, this procedure has been repeated 150 times, allowing different, randomly chosen sets. The median of the MAE relative to the mean ice thickness of all 150 runs was calculated for the validation and calibration sets. We also investigate whether the effect of increasingly imbalanced glacier states with decreasing difference between local surface mass balance and ice thickness change have to be considered by choosing an appropriate apparent mass balance gradient. Thus, we evaluate the difference in model performance by applying:
(i) calibrated glacier-specific apparent mass balance gradients, (ii) calibrated apparent mass balance gradients averaged for the respective glacier inventory, and (iii) the average apparent mass balance gradient derived in (ii) for GI 2 applied to all three GIs.
We compared the glacier-wide average of observed ice thickness change between the GIs with the difference in modeled ice thickness for the same inventories using all three options.
For estimating model performance for glacier-wide average ice thickness, we evaluated the average ME, its standard deviation and the average MAE, both in absolute values and relative to mean ice thickness, over all 58 glaciers applying calibration procedure (i). We tested two different methods of averaging calibrated mass balance gradients for transferring them to unmeasured glaciers, using overall mean optimal parameters and mean optimal parameters separated for the glacier size classes <1 km 2 , 1 -5 km 2 , >5 km.
Calculation of Total Glacier Volume
For the calculation of total glacier volume we merged the ice thickness estimates of the 58 glaciers derived from glacierspecific calibration with the ice thickness calculations for all remaining glaciers applying the mean optimal db/dz for each glacier inventory and the three different size classes. Glacier volumes were analyzed for a subset of 775 glaciers, which are covered by glacier outlines and DEMs for all three GIs. In addition, we present a total volume including all glaciers of the inventories.
Recent Glacier Volume (2016)
To present a rough estimate of recent total glacier volume in Austria, we extrapolated the observed mass losses from nine representative glaciers with direct mass balance measurements to the overall glacier volume. We computed the total ice thickness change ( h) from cumulated annual specific mass balances, considering the average area between GI 3 (about 2006) and the year 2016, and an estimated density of 900 kg m −3 . The mean ice thickness change h so derived was compared to the mean ice thickness of all glaciers in GI 3 computing relative glacier volume changes since the last glacier inventory.
RESULTS
Model Calibration and Validation
The overall average of all ice thickness point measurements is 72.6 ± 5.4 m and corresponds to a mean survey year of 2001. On average, acquisition of ice thickness measurements and the date of GI 2 were 3 years apart, with a mean ice thickness change of 4.0 ± 0.8 m. The mean ice thickness change calculated from surface elevation changes at the ice thickness measurement points between GI 1 and GI 2 is -11.2 ± 3.8 m in 29 years. The mean ice thickness change at the ice thickness measurement points between GI 2 and GI 3 is -11.3 ± 2.2 m within 10 years. Mean ice thickness at the measurement points is 88 ± 10.0 m, 76.7 ± 6.2 m, and 65.5 ± 8.4 m for GI 1, GI 2, and GI 3, respectively. Figure 2 shows the available data and computed ice thickness distribution for Gurgler Ferner and some nearby glaciers as an example for all glaciers. The ice thicknesses modeled using the HF model not necessarily reproduced the measured point ice thicknesses everywhere, but modeled bedrock elevation along the flow line matches largely for all three GIs (Figure 2A) .
We found a high spread of optimal apparent mass balance gradients among the individual glaciers, a clear sign that we need ice thickness data for different glacier types to reasonably constrain the ice thickness model (Figure 3A) . Apparent mass balance gradients decreased with a significant trend (p < 0.05) between GI 1 and GI 3, as well as for the sub-periods GI 1 to GI 2 and GI 2 to GI 3. The mean apparent mass balance gradient was reduced differently between the GI dates with respect to glacier size. It is reduced by 22% for small glaciers (<1 km 2 ), by 33% for medium size glaciers (1-5 km 2 ), and by 58% for larger glaciers from GI 1 to GI 3 ( Table 1 ).
The applied cross-validation between modeled and measured point ice thickness at the individual glaciers results in MAE s relative to the observed ice thickness of 25-31% at the validation and calibration points ( Table 2) .
HF-modeled ice thickness changes using option (i) and option (ii) resulted much closer to observed changes than using option (iii) for periods GI 1 to GI 2 (Figure 4) and GI 2 to GI 3. Ninety three percent of the observed mean ice thickness change could be reproduced using glacier-specific apparent mass balance gradients ( Figure 4B) . Eighty five percent of the observed mean ice thickness change was calculated using option (ii). Only 60% of the observed mean ice thickness change was modeled using option (iii).
FIGURE 2 | (A) Mean glacier surface elevation from 10 m -elevation bands for the respective glacier inventories GI 1 (red), GI 2 (black), and GI 3 (blue), and the glacier bed modeled using the HF model are shown with the measured and modeled bed elevation for locations of ice thickness measurements at Gurgler Ferner. The stems show the uncertainty of the ice thickness measurements. Measured and modelled ice thickness are presented in (B) highlighting the available data basis glacier outlines, the locations of ice thickness measurements and the modeled ice thickness distribution. For selecting the parameters to be transferred to unmeasured glaciers we considered the area of glaciers without calibration data in comparison to the area of the calibration glaciers ( Figure 5) . We found that unmeasured glaciers make up for a very high fraction in the size class of less than 1 km 2 (60% of total area), whereas calibration glaciers with an area of less than 1 km 2 only have a share of 5%. Thus, we tested two different methods transferring calibrated apparent mass balance to unmeasured glaciers. Figure 6 shows the absolute error relative to glacier average ice thickness computed from measurements for optimal calibrated apparent mass balance gradients. In general, the absolute error is relatively high also for optimal model calibration at small glaciers. Particularly for glaciers smaller than 1 km 2 and larger than 5 km 2 , the parameters separated for the three size classes show a distinct improvement in model performance in comparison to average parameters. This improvement is less significant for glaciers between 1 and 5 km 2 .
Model performance is presented both as absolute and relative values in Table 2 for the cross-validation, for glacier-specific calibration [option (i)], and for calibration to size classes mass balance [option (ii)]. The MAEs between the cross-validation and glacier-specific calibration are similar. For using average parameters, the MAE increases. While there is no great difference in MEs, the standard deviation and the absolute values of ME are higher when applying the bulk parameters, compared to the glacier-specific calibration.
Total Glacier Volume and Volume Changes
We used the mean optimal gradients derived for three different glacier area classes from the calibrated glacier-specific parameters to model the remaining ice volumes of glaciers without ice thickness measurements. Seven hundred and seventy five glaciers are covered by all three GIs ( Table 3 ). The total volume of these glaciers decreased from 22.2 km 3 for GI 1 to 15.6 km 3 for GI 3. This means a volume loss of 30% between 1969 and 2006, while the total area decreased by 26%. The total volume for all glaciers in GI 3 is 15.9 km 3 . The average mean absolute error between observed and modelled point ice thickness for every glacier, the average mean error (ME) between observed mean point ice thickness and modeled mean point ice thickness for every glacier, the average standard deviation (σ ) of ME and the average absolute value of ME weighted with glacier area when applying the calibrated HF model using (i) calibrated glacier-specific apparent mass balance gradients, and (ii) the calibrated apparent mass balance gradients averaged for three glacier size classes.
Glaciers larger than 1 km 2 cover more than 65% of the total area and hold about 80% of the total volume (Figure 7) , highlighting the importance of the large glaciers for overall volume. The 10 largest glaciers with areas larger than 5 km 2 make up more than 20% of the total area and nearly about 35% of total volume for GI 3. Fifteen percent of the modeled total volume in the Austrian Alps is made up by the two largest glaciers, Pasterze and Gepatschferner.
As regards changes in area and volume between the GIs for different glacier sizes, the largest absolute changes occur for largest glaciers ( Figure 8A ). Glaciers smaller than 1 km 2 lost 40% of their area and more than 50% of their volume (Figure 8B) , and contributed by 1.9 km 3 to the total volume loss of 6.6 km 3 between GI 1 and GI 3 (Figure 8A ). The total volume loss of glaciers between 1 and 5 km 2 was 2.4 km 3 , and 2.2 km 3 for glaciers larger than 5 km 2 , respectively. In general, relative changes in area and volume were larger for small glaciers compared to glaciers larger than 1 km 2 , and relative volume changes are higher than relative area changes for all considered time periods (Figure 8B) . This is also valid separated for different mountain regions in Austria (Figure 9) . Relative changes in area and volume are smaller in regions with many and large glaciers, e.g., Glockner Group, Ötztal Group, Stubai and Venediger Group. Highest relative volume changes were modeled for the very small to medium-sized glaciers along the northern fringe of the Alps, such as in the Rätikon and the Salzburger Limestone Alps, for the period GI 1 to GI 2, but also in the Allgäu Alps between GI 2 and GI 3. Here the glaciers have lower maximum altitudes than those at the main Alpine ridge. An exception is the Dachstein region with smaller changes than the glacier regions at the Alpine main ridge and south of it (e.g., Granatspitz Group, Schober Group).
Recent Glacier Volume (2016)
Mean measured specific mass balances (b) from nine glaciers in Austria of the period between GI 3 and 2016 are presented in FIGURE 4 | (A) Modeled versus observed glacier-wide mean ice thickness change between glacier inventories GI 1 and GI 2 using (i) calibrated glacier-specific apparent mass balance gradients, (ii) calibrated average apparent mass balance gradients for the respective glacier inventory, and (iii) a mean apparent mass balance gradient calibrated to GI 2 only. The boxplots in (B) present the statistical distribution of the glacier-wide mean thickness changes from observations between the glacier inventories (obs) and calculated from modeled ice thickness distributions with approaches (i) to (iii). The red dash notes the median, and the blue box shows the interquartile range between the 25th and the 75th percentiles. The whiskers encompass all data within 1.5 times the interquartile range. The red crosses present values that are more than 1.5 times the interquartile range away from the top or bottom of the box.
Frontiers in Earth Science | www.frontiersin.orgFIGURE 5 | Cumulative glacier area distribution (A) in absolute numbers, and (B) relative to the total area for all glaciers with ice thickness measurements (dashed line), all glaciers with ice thickness measurements smaller than 8 km 2 (solid line) and all glaciers without ice thickness measurements (dash-dotted line). Table 4 . The overall mean annual mass balance for this period is -949 ± 100 mm, which corresponds to a mean ice thickness change of −1.1 ± 0.1 m per year and −8.4 ± 0.9 m between GI 3 and 2016. This is 22 ± 2.3% of the GI 3 mean ice thickness and equals a volume change of −3.5 ± 0.4 km 3 . Thus, the estimate for recent total glacier volume (2016) is 12.4 km 3 .
DISCUSSION
The present study uses a set of data of varying quality and uncertainties. Ice thickness measurements have been performed over a period of 15 years, applying different spacing of measurements, different antenna frequencies and different spatial coverage of the respective glaciers (Span et al., 2005; Fischer et al., 2007 Fischer et al., , 2015c . The uncertainty of the DEMs was considered when estimating the uncertainty in ice thickness of different glacier inventory dates. From a modeling perspective, the ITMIX experiment (Farinotti et al., 2017) concluded that mean deviations of modeled ice thickness from direct ice thickness measurements are in the order of 10%, whereas the standard deviation between individual models resulted in 24%. Taking all sources of error related to ice thickness measurements, surface elevation surveys and ice thickness modeling into account, relative uncertainties can easily aggregate to 30% (e.g., Huss and Farinotti, 2012) .
We performed a cross-validation between modeled and measured point ice thickness, which indicates model errors of 25-31% ( Table 2 ). The MAE averaged for all calibrated glaciers is similar for the calibration using option (i), and increases to 30-36% using option (ii). These errors refer to the overall uncertainty FIGURE 6 | Absolute error between average glacier ice thickness from thickness measurements and modeled glacier mean ice thickness using the calibrated apparent mass balance gradients (cal), overall mean parameters (mean) and parameters for glacier size classes (sizemean) smaller 1 km 2 , 1-5 km 2 and larger than 5 km 2 . Results are shown for all calibration glaciers of the three glacier inventories (A) GI 1, (B) GI 2, and (C) GI 3. The red dash notes the median, and the blue box shows the interquartile range between the 25th and the 75th percentiles. The whiskers encompass all data within 1.5 times the interquartile range. The red crosses present values that are more than 1.5 times the interquartile range away from the top or bottom of the box. Total area, computed volume and mean ice thickness are presented for both sets. Note that the total number of GI glaciers differ slightly from numbers presented by Fischer et al. (2015b) because of gaps in the availability of surface elevation information.
FIGURE 7 | Cumulative volume fraction of the total glacier volume for all glaciers of GI 3 sorted by glacier area, also presented as cumulative area fraction. Note that dots are scaled and shaded by the glacier area classes smaller than 1 km 2 , 1-5 km 2 , and larger than 5 km 2 .
in the ice thickness and volume calculations. However, for reproducing glacier average characteristics, the model bias can be interpreted in terms of model performance for calculating the total glacier ice volume (e.g., Farinotti et al., 2017) . We find a negative bias in the glacier-wide average of modeled point ice thickness in comparison to the observations indicating that overall ice volume might be slightly underestimated by our approach. Applying an area-weighting of the bias results in an average mean bias in mean ice thickness of −5% for glacierspecific calibration and −3% for global parameters ( Table 2 ). This small difference would imply better average results for option (ii), but the MAEs and the standard deviation of the bias are lower for option (i) compared to option (ii). This highlights the great value of ice thickness information for capturing the high variability in mean glacier ice thickness, which is not strictly related to glacier area. Although distributed thickness measurements are provided, the presented calibration aims at reproducing mean characteristics, and not individual measurements. Additional parameters controlling ice thickness, such as surface slope and glacier width, are not incorporated in scaling relationships, but are considered in flux-based models such as the HF method. We have tested an alternative version of the HF2012-model that is capable of assimilating individual ice thickness measurements to 58 glaciers with direct observations. The experiment showed that the resulting ice thickness distribution did not importantly change, and the overall ice volume estimates remain almost unaffected. The volume of glaciers with calibration differed by 2%, with a mean absolute difference of 10% to modeled volume presented in this study. Computationally more expensive approaches (e.g., Morlighem et al., 2011; Fürst et al., 2017) are well capable of assimilating direct measurements. As our goal is to apply a calibrated model to all glaciers in Austria, most of which are not covered by direct observations, we preferred to stay with the simple forward method.
We found that ice thickness at very small glaciers (<1 km 2 ) cannot be satisfactorily simulated with the applied model. This suggests that ice thickness modeling based on glacier inventory data is still too uncertain to independently infer glacier volume changes of individual small glaciers. This is partly due to the observed high spatial variability in geodetic mass balance, even of neighboring glaciers (Abermann et al., 2010; Fischer et al., 2015d) , which also may be caused by heterogeneity in snow deposition caused by avalanche activity or wind drift, and other factors such as different response times. In general, the transferability of the calibrated apparent mass balance gradients to other mountain regions appears to be problematic. From the calibration we found no significant relation between apparent mass balance gradients and area or slope of the glaciers with ice thickness measurements. Further, the apparent mass balance appeared to change between the dates of the GIs with respect to the actual glacier states. Thus, more than topographic conditions, the balance or imbalance of the modeled glaciers has to be considered for estimating model parameters. This study shows that ice thickness changes for a sample of about 50 glaciers can be simulated with reasonable accuracy (Figure 4) . However, the calibration of the model revealed the necessity to adapt parameters controlling mass flux in the ice thickness model to the glacier states at a specific point in time. Farinotti et al. (2009b) found an optimized apparent mass balance gradient of −0.0055 (m w.e.) m −1 for four glaciers in the Swiss Alps. This is considerably higher than the values we found for glaciers in Austria (Table 1) . However, this may be caused by the difference in glacier size and ice flow velocities of the glaciers in Austria compared to the glacier systems like considered by Farinotti et al. (2009a) .
The total volume estimate presented in this study is higher than that of Patzelt (1978) for GI 1 (21 km 3 ), and surpass the estimates by Lambrecht and Kuhn (2007) for GI 2 (17.7 km 3 ) derived from volume-area scaling by 11%. Applying the volume-area scaling relation used by Lambrecht and Kuhn (2007) to all GI 3 glaciers results in a total volume of 14.9 km 3 , which is again 7% lower than our computed overall volumes. Although the overall results do not differ substantially, the present study also allows specifying volumes, thickness distribution and bedrock maps for individual glaciers, which will be a considerable benefit for climate change impact studies. Nevertheless, changes in glacier states and glacier geometries (e.g., change in hypsometry) can be assumed to be not covered using simple scaling relationships. Farinotti et al. (2019) used an ensemble of up to five models to provide a consensus estimate for the ice thickness distribution of all glaciers outside the Greenland and Antarctic ice sheets, and thus also for Austrian glaciers. Their estimate is based on glacier outlines of the Randolph Glacier Inventory (RGI) 6.0 (RGI Consortium, 2017) and the surface topography from the Shuttle radar topography mission (SRTM) DEM version 4 (Jarvis et al., 2008) . The glacier outlines in the RGI are digitized automatically from landsat thematic mapper (TM) data and differ in date and, a little, in shape from the Austrian glacier inventories. The surface topography from SRTM is based on satellite data from around the year 2000. The results of Farinotti et al. (2019) cover a set of 742 glaciers in Austria, with a total area of 365.9 km 2 . Their composite estimate of the Mean glacier area A and mean observed annual surface mass balanceb are given for nine glaciers. The overall mean mass balance B has been obtained as the areaweighted average of all measured glaciers.
total ice volume is 18.9 km 3 , which corresponds to a mean ice thickness of 51.6 m.
In general their consensus estimate for the total glacier volume in Austria is similar to the GI 2 estimate presented in this study. This corresponds to the earlier data basis used by Farinotti et al. (2019) , which is close to the dates of GI 2. However, their mean ice thickness estimate is 10 m higher than the ice thickness estimate presented here. This may be a result of the composite ice volume on the results of the individual models by Farinotti et al. (2019) , but also by generally assuming higher mass turnover for the individual glaciers and thus a fairly balanced glacier state. In contrast, the lower mean ice thickness presented here is a result of the reduction of the apparent mass balance gradient as presented in the calibration.
The big relative change in area and volume of very small glaciers (<0.5 km 2 ) found in the model results (Figure 8 ) was also made evident by Lambrecht and Kuhn (2007) between GI 1 and GI 2, by Abermann et al. (2009) particularly for the Ötztal mountain range and by Fischer et al. (2014) for small glaciers in the Swiss Alps. Further, ice thickness measurements particularly at small glaciers show, that their ice thickness and volume are often underestimated by model estimations. In this study we focused on the transfer of individual parameters considering glacier size, which, caused by the high number of small glaciers, increases the modeled ice volume also compared to former applications of the HF model by some percent.
Our calibration set-up revealed that a reduction of ice flux over the last five decades can be directly detected by constraining the ice thickness model with multi-temporal glacier inventory data and ice thickness observations. Decreasing ice fluxes are also supported independently by ice velocity measurements. The vertical surface velocity has been measured at stake locations on Kesselwandferner (Ötztal Alps) since the 1960s. StockerWaldhuber et al. (unpublished) presented an analysis of this exceptional data set, showing the substantial reduction, both in the horizontal and the vertical component of ice flow, at the end of the 1980s. On average, ice flux was reduced by a factor of 3 at the ELA over a period of approximately 10 years. This is in line with the changes in apparent mass balance gradients and maximum ice flux as derived from the model calibration TABLE 5 | Apparent mass balance gradients db/dz abl in 10 −3 m w.e. m −1 for the ablation zones of the three glaciers calculated as difference from specific mass balance data of 100 m elevation bands originating from glaciological measurements and geodetically derived mass balance from DEM differencing between the dates of GI 1 to GI 2 and GI 2 to GI 3.
Observed Modelled
Glacier GI 1 -GI 2 GI 2 -GI 3 GI 1 GI 2 GI 3
Kesselwandferner −10.8 0.3 −2.9 −2.8 −2.1 Hintereisferner −6.2 −2.3 −1.3 −1.1 −0.7 Vernagtferner −6.6 −0.5 −1.7 −1.0 −0.4
( Table 1) . Between GI 1 and GI 3, the maximum ice flux modeled along the glacier (i.e., ice flux at the apparent equilibrium line) was reduced by two thirds applying the calibrated parameters for large glaciers (>5 km 2 ). Even for very small glaciers, the reduction in mass flux was found to be 35%, which is, however, mainly related to changes in glacier area rather than changes in the calibrated apparent mass balance gradients for this glacier size class. In times of a simultaneous availability of both direct glaciological and geodetical glacier mass balances (e.g., Thibert et al., 2008; Huss et al., 2009; Klug et al., 2018) , the apparent mass balance as the difference between both, and thus the actual state of the glaciers, can be estimated. We applied a simple direct determination of apparent mass balance gradients using data of the glaciological and geodetical mass balance in 100 m elevation bands to Hintereisferner, Kesselwandferner and Vernagtferner for the periods between the three GIs ( Table 5) . Although this rough calculation includes several sources of uncertainty, the trend of decreasing apparent mass balance gradients is clear, as for our optimal model parameters ( Figure 3B) , with a substantial reduction in the most recent period. However, we also stress that a direct comparability between our optimized model parameters, constrained for matching the ice thickness observations, and the apparent mass balance gradients inferred from field data is difficult for the following reasons: (i) Uncertainties in in situ mass balances are considerable, (ii) the gradients are often not linear in reality which complicates the computation of apparent mass balance gradients (theoretical concept), (iii) the numbers refer to decadal/multi-decadal periods instead of single points in time as for the optimal model parameters. Considering the glacier advance in the 1980s followed by a strong and accelerating retreat since the 1990s, the large difference between the observations may be explained by imbalanced glacier states with extreme ratios between surface mass balance and surface elevation changes. In the model, however, GI 1 marks the time before glacier advance, at time of GI 2 glaciers already started to lose mass, and ice flux has been strongly reduced toward GI 3. This indicates that absolute values are difficult to compare but the order of magnitude of the inferred apparent mass balance gradients, as well as the general trend toward a decrease over time is revealed in both the field data and the calibrated model parameters.
The high variability of volume loss in the specific regions in the different periods means that, despite an undoubted general climate signal, the individual timing and course of the response of the glaciers needs a high model resolution when regional changes at decadal time scales are to be tackled. The course of thinning, decrease of dynamics and a final area loss is not only influenced by climate, but also by topography and small-scale local climate variabilities. Our study reveals that the rate of area loss is not similar to the rate of volume loss, but varies from glacier to glacier, region to region and with glacier size.
CONCLUSION
In the present study, we applied an extensive calibration scheme for estimating the ice volume of all glaciers in Austria. We investigated temporal changes of the apparent mass balance and controlled the glacier mass turnover within the utilized ice thickness model. A comprehensive data set of in-situ ice thickness measurements at 58 glaciers and data on glacier surface elevation and extent from three GIs between 1969 and 2006 was used. We found that calibrated apparent mass balance gradients differ considerably between the GIs, with a significant trend toward a reduction in the gradients. This demonstrates the increasingly unbalanced conditions of glaciers in the Austrian Alps due to a considerable reduction of ice flow, which is not only presented in the calibration of the apparent mass balance, but also manifested in comparison of geodetic and glaciological mass balances and in observations over the last decades. The observed ice thickness changes between the three inventories could be simulated with acceptable accuracy using the calibrated glacier-specific apparent mass balance gradients and averaged calibrated gradients of the respective GIs, but results were more uncertain when fixed parameters for all three GIs were used. Changing glacier dynamics of Alpine glaciers in recent decades significantly affect the modeling of distributed mountain glacier volumes and have to be incorporated in model design for ice thickness estimates.
We used the calibrated model for a volume estimation of all glaciers in Austria. The volume for the most recent Austrian glacier inventory (GI 3, around 2006 ) is 15.9 km 3 . This would be enough to cover Austria's entire territory with 0.19 m of water. Updated to 2016, we estimate an ice volume of 12.4 km 3 , indicating an overall loss of 22% of the Austrian glacier volume only over the last decade.
Our study highlights the imbalance between the number of glaciers, glacier area and volume. A high number of very small glaciers only make up a small part of the total ice volume, while a few large glaciers store much of the total ice volume. This also affects the present and future change rates of glacier area and glacier volume in Austria. In general, relative volume changes are higher than relative area changes up to GI 3. However, with ongoing thinning of the glaciers this relation could be expected to change toward higher rates of area loss. The high variability of loss rates between specific types and regions means that sophisticated monitoring strategies are still essential if needed as the basis for adaption strategies to climate change.
We demonstrate the importance of ice thickness measurements for correctly estimating glacier ice volume with respect to actual glacier states. This is particularly important for improving ice thickness estimates for Alpine glaciers that are close to significant shifts in glacier dynamics, like Austria's largest glaciers. Our new estimates of glacier mean ice thickness form the basis for various impact studies from local to regional level regarding future glacier retreat, natural hazards and changes in mountain hydrology.
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